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Introduction
Recently, the amount of organic gas emission released into the atmosphere has increased. According to the pollutant release and transfer register (PRTR) data of FY2009, 60% of the total amount of emissions are volatile organic compounds (VOCs) [1] . Since the generation of harmful photochemical oxidants and suspended particulate matter is detrimental to living systems, the emission of VOCs into the atmosphere is a significant environmental problem, and hence, reduction in the amount of organic gas emission is required [2] . Control of effluent concentration varies with the type of VOC. VOC concentration is analyzed using instrumental analysis methods such as gas chromatography-mass spectrometry (GC-MS). However, GC-MS is expensive and real-time measurement using this method is difficult [3] . Therefore, a VOC analysis method that can perform highly-precise real-time measurements is required. Removal and control can be facilitated if VOC concentration is understood correctly. Quartz crystal microbalance (QCM) is a high-accuracy technique for detecting gas concentration in real time [4] . In QCM sensors, polymer films [5] [6] [7] [8] and inorganic materials are employed as established materials for detecting VOCs [9] . Plasma polymerization has also been employed conventionally to fabricate thin functional films that can facilitate surface modification of materials [10] . Plasma-polymerized (pp) films adhere firmly to most substrates and are highly resistant to chemical and physical treatments. In this study, we develop VOC measuring techniques that use a QCM and pp films [11−13] and aim to construct a sensor that can provide real-time and highly precise measurement.
In the preparation of a pp-film, amino groups such as ethylenediamine, diaminopropane, butylamine, heptylamine, aniline, diaminocyclohexane, and acetonitrile are used. In particular, allylamine is the most commonly utilized organic precursor [14] . The performance of devices constructed with amine-containing plasma polymers depends strongly on their composition. Amino-group-containing plasma polymers can be utilized in numerous applications, e.g., modification of wastewater purification membranes [15] , carbon nanotubes [16] , and polymer microspheres [17] ; improvement in biocompatibility of artificial materials and immobilization of biomolecules for biomedical applications [18] ; QCM sensor fabrication [19, 20] ; surface plasmon resonance sensor [21] ; and surface transverse wave devices [22] . This paper focuses on the evaluation of gas sorption properties of pp-Allylamine (AA) films using 18 commonly analyzed gases.
Experimental
We employed guaranteed grade reagents. For plasma polymerization, model BP-1 from Samco Co. (Kyoto, Japan) was used. QCM with polished gold electrodes (AT-cut of 9 MHz; 8 × 8 × 0.185 mm 3 ) was purchased from Nihon Dempa Kogyo Co. Ltd. (Tokyo, Japan). Fig. 1(a) shows the schematic of the pp equipment and Fig. 1 (b) shows the position settings of four QCMs on the lower electrode. The pp-AA films were deposited on both sides of QCM by polymerization for the duration of 1 min each side. The annealing treatment for 12 h at 10 Pa and 80°C removed the stress of the pp-AA films. The plasma polymerization process was followed as described previously. Oscillating frequencies of 16 QCMs were measured using a laboratory-made 16-channel sensor array measurement system (Fig. 2) . The RF power of glow discharge is an important controllable parameter in plasma polymerization. The RF powers were settled at 90, 110, 130 and 150 W and vapor pressure of the monomer was settled at 100 Pa.
We specifically examined the relationship between the chemical properties of pp-AA films plasma polymerized under various RF powers and the gas sorption properties of pp-AA-film-coated QCMs with 18 different gases (ethanol, methanol, isopropyl alcohol, tetrahydrofuran, ethyl ether, ethyl acetate, formaldehyde, acetone, hexane, benzene, dichloromethane, chloroform, toluene, N,Ndimethylformamide, 1,4-dioxane, triethylamine, acetic acid, and acetonitrile).
The analyte gases were generated by a gas detector tube (GASTEC Co., Ltd., Kanagawa, Japan).
Result and discussion
The film thickness of pp-AA was calculated from the frequency shift of QCM using Equation 1: ΔF = −2.26 × 10 −7 ·F 0 2 ·ρ·T, (1) where ΔF is the frequency shift of QCM caused by the attached mass of the pp-AA film, F 0 is the fundamental oscillating frequency, ρ is the density of a monomer, and T is the thickness of the pp-AA film.
The gas sorption of analyte gases by the pp-AA film was performed by a 16-channel QCM sensor array (Fig. 2) . First, N 2 gas (1 L/min) was used to purge the measurement vessel. Next, nitrogen gas flow was stopped and the inflow was changed to the analyte gas. Analyte gases were prepared using Permeater (PD-1, GASTEC Co., Ltd.), a gas generator for calibration purposes that utilizes permeation and diffusion tubes to generate the calibration gas. The analyte gas flowed through the reaction container at flow velocity 0.2 L/min and measured the frequency change caused by gas adsorption for 20 min. Subsequently, desorption of the analyte gas was performed by the inflow of nitrogen gas to the reaction chamber for 20 min. Table 1 Concentration of analyte gas generated with the Permeater.
Concentrations of the analyte gas were generated with the Permeater (Table 1 ). The response sensitivity was calculated by Equation 2:
J. Photopolym. Sci. Tecchnol., Vol. 24, No. 4, 2011 , (2) where RS is the response sensitivity to the analyte gas (ppm −1 ), P is the amount of pp-AA film coated on QCM (ng), M 0 is the molecular weight of an allylamine monomer (g/mol), G is the sorption amount of the analyte gas (ng), M 1 is the molecular weight of the analyte gas, and C is the concentration of the analyte gas (ppm). The response sensitivity of each analyte gas is shown in Fig. 3 . The response sensitivities of the pp-AA film to each analyte gas are in the order ethanol, methanol, isopropyl alcohol, tetrahydrofuran, ethyl ether, ethyl acetate, formaldehyde, acetone, hexane, benzene, dichloromethane, chloroform, toluene, N,N-dimethylformamide, 1,4-dioxane, triethylamine, acetic acid, and acetonitrile. 
Conclusion
The pp-AA-film-coated QCM measured the adsorption of each organic gas. Response sensitivity of the pp-AA films for the 18 different analyte gases was different and in the order N,N-dimethylformamide >> formaldehyde > 1,4-dioxane > acetic acid > isopropyl alcohol > toluene > ethanol > methanol > ethyl acetate > chloroform > dichloromethane > acetone > triethylamine > acetonitrile. The high response sensitivity to the N,N-dimethylformamide and formaldehyde in which a pp-AA film has an aldehyde group was shown.
